Abstract. Recent studies indicate that glucagon-like peptide 1 (GLP-1) receptor agonists, currently used in the management of type 2 diabetes, exhibit neurotrophic and neuroprotective effects in amyloid-␤ (A␤) toxicity models of Alzheimer's disease (AD). We investigated the potential pro-cognitive and neuroprotective effects of the once-daily GLP-1 receptor agonist liraglutide in senescence-accelerated mouse prone 8 (SAMP8) mice, a model of age-related sporadic AD not dominated by amyloid plaques. Six-month-old SAMP8 mice received liraglutide (100 or 500 g/kg/day, s.c.) or vehicle once daily for 4 months. Vehicledosed age-matched 50% back-crossed as well as untreated young (4-month-old) SAMP8 mice were used as control groups for normal memory function. Vehicle-dosed 10-month-old SAMP8 mice showed significant learning and memory retention deficits in an active-avoidance T-maze, as compared to both control groups. Also, 10-month-old SAMP8 mice displayed no immunohistological signatures of amyloid-␤ plaques or hyperphosphorylated tau, indicating the onset of cognitive deficits prior to deposition of amyloid plaques and neurofibrillary tangles in this AD model. Liraglutide significantly increased memory retention and total hippocampal CA1 pyramidal neuron numbers in SAMP8 mice, as compared to age-matched vehicle-dosed SAMP8 mice. In conclusion, liraglutide delayed or partially halted the progressive decline in memory function associated with hippocampal neuronal loss in a mouse model of pathological aging with characteristics of neurobehavioral and neuropathological impairments observed in early-stage sporadic AD.
INTRODUCTION
Alzheimer's disease (AD) is a common neurodegenerative disease being the leading cause of dementia-associated morbidity and mortality in the elderly population, affecting more than 25 million people worldwide [1] . AD is characterized by a slow but progressive cognitive decline with a defining neuropathology of abnormally high densities of amyloid-␤ (A␤) senile plaques and neurofibrillary tangles, as well as brain atrophy and extensive neuronal loss [2, 3] .
Type 2 diabetes (T2DM) is a risk factor for AD and the two diseases share several biochemical features of metabolic dysfunction, in particular pertaining to insufficient central and peripheral insulin function. Accordingly, molecular signatures of impaired insulin function has been consistent findings in AD which pertains to brain insulin deficiency, central insulin resistance, as well as elevated fasting plasma insulin levels and impaired peripheral insulin responses [4] [5] [6] [7] [8] . Furthermore, a recent proof-of-concept clinical trial in AD has demonstrated memory-improving effects of increased central insulin exposure obtained by intranasal insulin administration [9] , which further emphasizes the emerging importance of counteracting deficient insulin-associated neurotransmission in the treatment of AD neuropathology and cognitive deficits.
A recent approach is to target the activity of central insulin-like hormone receptors whose signaling pathways to some degree converges with those of insulin [10] , however, without posing the inherent hypoglycemia risk typically associated with insulin therapy. Specifically, preclinical studies on long-acting glucagon-like peptide 1 (GLP-1) receptor agonists have shown encouraging results in the context of disease-modifying therapeutic potential in AD. GLP-1 receptors are widely expressed in the brain [11, 12] , and there is increasing evidence that blood-borne GLP-1 receptor agonists can reach the brain [13, 14] , which provides a fundamental basis for direct central action of this drug class. To date, the preclinical evidence for potential therapeutic benefits of GLP-1 receptor agonists in AD is largely derived from studies on rodent models overexpressing rare, but highly penetrant, genetic mutations recognized as high-risk factors for development of early-onset familial dementia, including amyloid-␤ protein precursor (A␤PP) and presenilin-1 (PS1). Using a transgenic A␤PP/PS1 mouse model of AD to characterize the effects of long-term GLP-1 receptor agonist administration, Hölscher and colleagues have reported lowered levels of important markers associated with AD neuropathology, including amyloid plaque load, astrogliosis, microglial activation, and central insulin resistance [15] [16] [17] . Notably, these effects of GLP-1 receptor agonists are associated with improved memory function in AD models with characteristics of amyloidosis [17] [18] [19] .
With regard to the reported findings of beneficial effects of GLP-1 receptor agonist treatment in transgenic A␤PP/PS1 mice, it should be emphasized that early-onset familial AD accounts for less than 5% of total AD cases. AD is predominantly a sporadic (i.e., non-familial with no known genetic determinants) and late-onset disease with exponentially increasing prevalence starting at the age of 65 years [20] . Consequently, there is a need to determine effects of GLP-1 receptor agonists in other AD models which closer mimic the polygenetic and multifactorial nature of agerelated sporadic AD. Importantly, it also remains to be assessed whether pro-cognitive effects of GLP-1 receptor agonist treatment also translate into effects on hippocampal neuronal numbers.
An inbred senescence-accelerated prone 8 (SAMP8) mouse model of AD-like dementia has been extensively phenotyped and shows prominent agedependent hippocampus-driven memory deficits and neuropathology in the absence of significant amyloid plaque load, thus being considered as a model of earlystage sporadic AD [21, 22] . Hence, the non-transgenic SAMP8 mouse model may allow for the assessment of potential pro-cognitive drug effects in AD before irreversible late-stage plaque-associated toxicity occurs. To this end, we therefore employed SAMP8 mice to characterize the impact of long-term liraglutide treatment on plaque-independent memory deficits, as assessed in an active avoidance T-maze and novel object recognition task. Also, a stereological analysis was applied to address potential effects of liraglutide treatment on total hippocampal CA1 pyramidal neuron numbers.
MATERIAL AND METHODS

Animals
SAMP8 mice (6-month-old, 28.0 ± 0.6 g, n = 51) were employed. To control for age-dependent memory decline in SAMP8 mice and minimize strain differences, age-matched 50% back-crossed SAMP8 mice (6-month-old, 35.8 ± 0.6 g, n = 11) were used. 50% back-crossed SAMP8 mice is a cross between SAMP8 and CD-1 mice and display normal memory function comparable to young (4-month-old) SAMP8 mice [23] . Therefore, 4-month-old SAMP8 mice (26.6 ± 0.6 g, n = 11) were also included and served as additional controls for normal memory performance in the behavioral tests indicated below. All animals included in study were males and bred at St. Louis University Division of Geriatrics, St. Louis, MO. The mice were group-housed (n = 5 per cage) in cages equipped with solid floors and a layer of bedding and nest material. All mice received a unique identity number (ear tag) and were randomized to individual experimental groups (n = 10-11 per group) according to body weight, as GLP-1 receptor agonists, including liraglutide, show weight-reducing properties with transient food intake suppression [24, 25] . Throughout the study period, the mice had ad libitum access to chow diet (Richland #5001, LabDiet, St. Louis, MO) and tap water. The animal room environment was controlled (temperature 22 ± 2°C; relative humidity 50 ± 10%; light/dark cycle 12 h light, 12 h dark, lights on from 6 AM to 6 PM).
Drug treatment
Mice were dosed subcutaneously (s.c.) once daily with vehicle (0.1% BSA in PBS) or liraglutide (100 or 500 g/kg/day; equivalent to 26 or 133 nmol/kg/day) in the morning between 7 AM and 9 AM for a total duration of 4 months. The liraglutide doses used in the present study are within the dose range reported efficacious in other rodent models of neurodegenerative diseases [26] [27] [28] . A total of three control groups were employed, i.e., vehicle-dosed SAMP8 mice (6-month-old at dosing start), vehicle-dosed 50% backcrossed SAMP8 mice (6-month-old at dosing start), and non-dosed young (4-month-old) SAMP8 mice. A dose-escalation scheme was implemented to reduce expected initial effects of liraglutide treatment, as transient GLP-1 receptor induced discomfort in rodents, including taste aversion and pica behavior, is typically only observed within the first 2-3 days of treatment [29] . Therefore, the liraglutide dose was increased through daily increments, starting from 25 g/kg/day (day 0), until reaching the dose of 100 g/kg/day on day 2 (25-50-100 g/kg/day) or 500 g/kg/day on day 6 (25-50-100-150-200-300-500 g/kg/day), respectively, with the specified target dose thereafter being maintained throughout the remainder of the 4 months of treatment.
Body weight, food intake, and plasma sampling
Body weight and food intake was determined and recorded on a weekly basis. Food intake was determined by net food pellet consumption and expressed as cage averages. Blood samples were taken from the liraglutide-treated groups after 10 weeks of dosing, obtained in the morning prior to dosing and 4 hours post-dosing (n = 5 mice per time point), respectively.
For blood collections, 50 L of tail blood was obtained from tail vein with a 25 L capillary glass tube in an EDTA-coated Eppendorf tube, centrifuged at 2,000 g for 15 min at 4 • C, plasma was collected and samples were snap-frozen in liquid nitrogen before storage at −80 • C.
Behavioral testing
Measurement of the effects of long-term liraglutide treatment on learning and memory function was performed in an active avoidance T-maze and novel object recognition (NOR) task, respectively (n = 10-11 mice per experimental group). Experiments were conducted between 7.30 AM and 11.00 AM. The T-maze consisted of a black plastic alley with a start box at one end and two goal boxes at the other. The start box was separated from the alley by a plastic guillotine door that prevented movement down the alley until raised at the onset of training. An electrifiable floor of stainless steel rods ran throughout the maze to deliver a foot-shock using a scrambled grid floor shocker (Model E13-08, Coulbourn Instruments, Whitehall, PA). Mice were not permitted to explore the maze prior to training. A block of training trials began when a mouse was placed in the start box. The guillotine door was raised and a cue buzzer sounded simultaneously (doorbell type, at 55 dB); 5 s later a mild aversive foot-shock was applied with an intensity of 0.35 mA. The arm of the maze entered on the first trial was designated "incorrect" and the mild foot-shock was continued until the mouse entered the other goal box, which in all subsequent trials was designated "correct" for the particular mouse. At the end of each trial, the mouse was returned to its home cage until the next trial. Mice were trained until they made one active avoidance. The intertrial interval was 30-35 s. The number of trials to make one active avoidance was the measure of acquisition. Retention was tested one week later by continuing training until the mice achieved the criterion of making five active avoidances in six consecutive trials. The number of trials needed to reach this criterion was the measure of retention [30, 31] .
In the novel object recognition task, the mice were habituated to an empty apparatus, a 58×66×11-cm white plastic box, for 5 min a day for 3 consecutive days prior to entry of objects. On the first day of training, the mouse was placed in the testing apparatus with two identical objects (A and B), both with dimensions of 7×6.3×5.1 cm. 24 h later the animal was reintroduced to the arena but this time one of the original objects was removed and a new object (C) with dimensions of 8.2×3.8×7.4 cm added. Mice were placed in the testing apparatus for 5 min and the time each mouse spent sniffing or touching the new object was recorded. Total time spent exploring each of the two objects was recorded. The discrimination index was defined as the amount of time exploring the familiar object or the novel object over the total time spent exploring both objects multiplied by 100, and was used to measure recognition memory.
Immunohistochemical staining
Five days after the final behavioral test, animals were terminated using CO 2 /O 2 anesthesia followed by decapitation. Brains were rapidly removed, freshly weighed to assess possible gross brain atrophy, and then immersion fixed in 4% formaldehyde. The two cerebral hemispheres were divided and the left or right hemisphere was selected randomly before dehydration and infiltration overnight in paraffin. The hemispheres were embedded in blocks of paraffin and sectioned in the horizontal plane in 40 m thick sections for estimation of total hippocampal CA1 pyramidal neuron numbers. Using systematic uniform random sampling, every 8th section in the series was collected directly on preheated slides primed with a chromalum-gelatin solution. Sections were dried for 3 days at 37 • C and stained in an optimized Giemsa stain allowing clear differentiation of cell types in thick sections.
To confirm the absence of A␤ immunoreactivity in the brains of 10-month-old SAMP8 mice [32] , 5-m thick sections were additionally collected at each horizontal sampling level also sampled for quantification of neuronal numbers. Immunohistochemical analysis of A␤ and hyperphosphorylated tau was performed in a pilot study on 10-month-old control SAMP8 mice (n = 3). The sections were deparaffinized followed by antigen retrieval for 15 min in a TEG buffer (10 mM, pH 9, 90 • C), endogenous peroxidase activity was blocked for 10 min in 1% H 2 O 2 +KPBS+0.3% Triton-X. Blocking of unspecific binding was obtained with 5% swine serum in KPBS+0.3% Triton-X+1% BSA for 20 min followed by incubation with a primary antibody against A␤ (1 : 250, cat. no. 10323, IBL, Minneapolis, MN) or phosphorylated tau (1 : 300, cat. no. MN1060, Thermoscientific, Rockford, IL) for 30 min. After a rinse in buffer, sections were incubated for 30 min with a horseradish peroxidase-labelled polymer conjugated with anti-mouse antibody (Envision, Dako, Glostrup, Denmark) and rinsed in buffer. Immunostaining was visualized with 3,3 -diaminobenzidine (10 min) as chromagen (Dako, Glostrup, Denmark), and sections were finally counterstained with Mayer's hematoxylin (Dako, Glostrup, Denmark). Following mounting on cover glass with Pertex, slides were allowed to dry overnight and scanned on a digital slide scanner (Aperio ScanScope AT, Leica Biosystems, Ballerup, Denmark). Using this staining procedure, the two antibodies were also applied to brain sections from transgenic mouse models of A␤ plaque (hA␤PP/PS1-delta9) and neurofibrillary tangle (hTau P301L) pathology, and found highly specific (Fig. 6 ).
Stereological quantification of hippocampal CA1 pyramidal neuron numbers
Neuronal loss in the hippocampal CA1 subregion has been identified as memory-associated neuropathological marker in both humans and animals, and atrophy of CA1 pyramidal neurons is a key pathological change in AD [33, 34] . We therefore estimated the total number of Giemsa-stained CA1 pyramidal neurons by the use of the unbiased optical fractionator method [35, 36] . The boundaries of the CA1 subdivision were carefully defined using a mouse brain atlas [37] and by the clear morphological indication of conspicuous smaller and more densely organized CA1 pyramidal neurons, as compared to the relatively larger and less packed neurons characterizing the CA2-CA3 subdivisions [36] (see Fig. 4 ). Neurons with a clear nuclear Giemsa stain were included in the counts. Glia cells were readily identified by their smaller size and were excluded from the counts. The entire CA1 pyramidal layer was delineated using the Visiopharm newCAST system (Visiopharm, Hoersholm, Denmark), and the total number of CA1 pyramidal neurons was determined using the optical disector at regular predetermined x, y positions within the subdivision. The disector height was set at 10 m and protected by upper and lower guard zones of 10 m, the x-y step size and the disector counting frame were adjusted allowing for an average of 150-200 neurons ( N) to be identified in around 100 disectors. The actual counting was performed using the optical disector (a three-dimensional probe generated with the aid of a microscope fitted with an oil immersion objective with a high numerical aperture (NA = 1.30) to observe thin focal planes in relatively thick sections). The neuron counts were performed online on a computer screen with the z-axis measured using a digital Heidenhain microcator with a precision of 0.5 m. Neurons were counted when they came into focus within the counting frame provided they were either found entirely within the counting frame or hit at least one of the inclusion lines but none of the exclusion lines. The total number of CA1 pyramidal neurons (N) and corresponding volume reference in the unilateral sample was calculated according to previously published methods [35, 36] .
Data analysis
All data were fed into Excel 2003 spread sheets and subsequently subjected to relevant statistical analyses using GraphPad Prism 5.0. Results are presented as mean ± standard error of the mean (S.E.M.), unless otherwise stated. Statistical analyses were performed using one-way analysis of variance (ANOVA) followed by Dunnet's post-hoc analysis where applicable. Comparisons were first made between vehicle-dosed 10-month-old SAMP8 mice versus vehicle-dosed age-matched 50% back-crossed and non-dosed 4-month-old SAMP8 mice (validation of memory deficits in 10-month-old SAMP8 control mice), then between 10-month-old SAMP8 mice treated with either vehicle or liraglutide (treatment effect). A p-value less than 0.05 was considered statistically significant.
RESULTS
Body weight, food intake, and plasma levels of liraglutide
Irrespective of treatment, body weight and food intake was kept stable throughout the dosing period (data not shown). Hence, liraglutide administration did not induce body weight and food intake reduction in SAMP8 mice. This is most likely ascribed to a normal body weight regulation in SAMP8 mice, as obese mice show greater sensitivity to the such common metabolic effects of GLP-1 receptor agonists [25, 38] . Sustained systemic exposure of liraglutide was confirmed in tail vein plasma samples obtained after 10 weeks of dosing. Dose-dependent significant elevations of plasma liraglutide concentrations were observed 4 h after dosing, corresponding to three-(lowest dose) and six-fold (highest dose) elevations, as compared to the corresponding pre-dosing level on the same day (data not shown).
Liraglutide improves memory retention in an active-avoidance T-maze task
Analysis of acquisition of foot-shock avoidance in the T-maze indicated a significantly increased number of training trials to first avoidance in vehicle-dosed 10-month-old SAMP8 mice (11.9 ± 0.6 trials), as compared to both 50% back-crossed (7.7 ± 0.7 trials, p < 0.001) and 4-month-old SAMP8 mice (7.0 ± 0.3 trials, p < 0.001, Fig. 1A ). Liraglutide treatment did not change the number of training trials in 10-monthold SAMP8 mice (100 g/kg/day, 9.6 ± 0.8 trials; 500 g/kg/day, 10.4 ± 0.8 trials; p > 0.05), as compared to vehicle-dosed 10-month-old SAMP8 mice (Fig. 1A) . In the subsequent memory retention test, Fig. 1 . Memory acquisition and retention function in SAMP8 mice assessed in an active avoidance T-maze test. Memory acquisition (A) and retention (B) performance in vehicle-dosed or liraglutide-treated 10-month-old SAMP8 mice. Vehicle-dosed 50% backcrossed SAMP8 mice and untreated 4-month-old SAMP8 control mice, respectively, served as controls for normal memory function. Long-term liraglutide treatment restored memory retention in 10-month-old SAMP8 mice, as compared to age-matched vehicle-dosed SAMP8 control mice. The number of trials to make one active avoidance was a measure of acquisition. Retention was tested one week later by continuing training until the mice achieved the criterion of making five active avoidances in six consecutive trials. The number of trials needed to reach this criterion was the measure of memory retention. * * p < 0.01, * * * p < 0.001 (one-way ANOVA, Dunnet's post-hoc test).
vehicle-dosed 10-month-old SAMP8 mice showed a significantly increased number of trials to fulfill the test criterion (14.5 ± 1.1 trials, p < 0.001), as compared to both 50% back-crossed (6.3 ± 0.3 trials, p < 0.001) and 4-month-old SAMP8 control mice (6.8 ± 0.2 trials, p < 0.001, Fig. 1B ). Compared to vehicle-dosed 10-month-old SAMP8 mice, liraglutide-treated agematched SAMP8 mice exhibited improved memory performance, as indicated by significantly fewer trials to complete the retention test (100 g/kg/day, 9.0 ± 0.6 trials, p < 0.001; 500 g/kg/day, 9.1 ± 0.5 trials, p < 0.001, Fig. 1B) . A statistical significant difference was attained between retention trial numbers of 10-month-old SAMP8 mice treated with the highest, but not lowest, dose of liraglutide versus 50% backcrossed (p < 0.05) SAMP8 mice.
Liraglutide shows no effect in a novel object recognition task
As illustrated in Fig. 2 , vehicle-dosed 10-monthold SAMP8 mice failed to discriminate between novel Fig. 2 . Recognition memory function in SAMP8 mice assessed in a novel object recognition (NOR) test. NOR performance in 10-month-old vehicle-dosed or liraglutide-treated SAMP8 mice. Vehicle-dosed 50% backcrossed SAMP8 mice and untreated 4-month-old SAMP8 control mice, respectively, served as controls for normal memory function. Vehicle-dosed 10-month-old SAMP8 mice showed poor object recognition memory performance, as compared to untreated 4-month-old SAMP8 mice. Liraglutide-treated 10-month-old SAMP8 mice did not show significant improvement of memory performance in the NOR test. The discrimination index was defined as the amount of time exploring the familiar object or the novel object over the total time spent exploring both objects multiplied by 100. * p < 0.05 (one-way ANOVA, Dunnet's post-hoc test). and familiar objects in the NOR test (discrimination index, 0.52 ± 0.02), as compared to young (4-monthold, discrimination index, 0.63 ± 0.03, p < 0.05), but not vehicle-dosed 10-month-old 50% backcrossed (discrimination index, 0.57 ± 0.04, p = 0.22), SAMP8 control mice. Liraglutide-treated 10-monthold SAMP8 mice showed a dose-dependent trend (discrimination index, 0.55 ± 0.05 (100 g/kg/day); 0.63 ± 0.03 (500 g/kg/day), p = 0.081) in improved discrimination index, as compared to vehicle-dosed age-matched SAMP8 mice.
SAMP8 mice exhibit reduced brain weight
The experimental groups differed on the basis of their fresh total brain weight (see Fig. 3 ). Accordingly, non-dosed young 4-month-old SAMP8 mice exhibited a lower brain weight (−9.9 ± 1.1%, p < 0.001) as compared to vehicle-dosed 10 month-old 50% back-crossed SAMP8 mice. Also vehicledosed 10 month-old SAMP8 controls showed a similar degree of reduced total brain weight (−11.9 ± 1.2%, p < 0.001 versus 50% back-crossed SAMP8 mice). The lowered brain weight in SAMP8 mice was unaffected by long-term liraglutide treatment (100 g/kg/day, −11.1 ± 1.2%; 500 g/kg/day, −8.5 ± 1.2%, p < 0.001 for both groups versus 50% back-crossed SAMP8 mice). Figure 4 shows a representative Giemsa-stained horizontal section of the hippocampus. Total CA1 pyramidal neuronal numbers were estimated by means of stereological counting principles. In the three control groups, mean (±S.E.M.) total CA1 pyramidal neuron numbers were: 192,004 ± 11,696 (50% backcrossed 10-month-old SAMP8 mice); 186,631 ± 6,834 (4-month-old SAMP8 mice), and 179,094 ± 7,116 (10-month-old vehicle-dosed SAMP8 mice) (see Fig. 5A ). Although no significant quantitative difference in total CA1 pyramidal neuron numbers was attained between the three individual control groups (one-way ANOVA, overall p = 0.5570), vehicle-dosed 10-month-old SAMP8 thus showed lowest total CA1 pyramidal neuron numbers. Notably, liraglutidetreated (100 g/kg/day) SAMP8 mice exhibited significantly higher (14.3 ± 0.3%) total CA1 pyramidal neuron number (204,744 ± 5,442, p < 0.01), as compared to age-matched vehicle-dosed SAMP8 controls (p < 0.01), see Fig. 5A . The highest dose of liraglutide (500 g/kg/day) had no significant effect on total CA1 pyramidal neuronal levels in SAMP8 mice (186,573 ± 4,667, p > 0.05).
Liraglutide-treated SAMP8 mice have preserved hippocampal CA1 pyramidal neuron numbers
Total hippocampal CA1 volume (mm 3 ) was similar acrossallexperimentalgroups(one-wayANOVA,overall p = 0.5853, Fig. 5B ). In correspondence to total CA1 pyramidal neuron counts, SAMP8 mice treated with the low, but not high, dose of liraglutide therefore showed a significantly higher CA1 pyramidal neuron density (631,611 ± 15,719 neurons/mm 3 ), as compared to vehicle-dosed SAMP8 mice (551,563 ± 15,432 neurons/mm 3 , p < 0.01, Fig. 5C ).
A scrutinized analysis of brain sections from 10-month-old SAMP8 mice indicated no presence of aggregated A␤ (plaques) or hyperphosphorylated tau (neurofibrillary tangles) in any brain regions assessed, including the hippocampus and cortex (Fig. 6) .
DISCUSSION
This study aimed to evaluate liraglutide-induced effects on memory function and hippocampal neuron numbers in a mouse model of age-related sporadic AD. The effects of long-term liraglutide treatment were therefore characterized in SAMP8 mice, which has been extensively phenotyped with respect to features of early-stage pathogenesis associated with age-related AD, including cognitive deficits [21, 22] .
10-month-old vehicle-dosed SAMP8 mice exhibited significant and robust memory deficits in an aversive active avoidance T-maze paradigm, as compared to both 4-month-old SAMP8 mice as well as age-matched 50% back-crossed vehicle-dosed SAMP8 controls, thus being in close agreement with previous reports on the age-related decline of cognitive function in this model [31, 39] . In the NOR test, vehicle-dosed SAMP8 mice also showed impaired memory performance, however, only compared to 4-month-old SAMP8 mice. Notably, liraglutide treatment resulted in a marked improvement of memory retention in SAMP8 mice as assessed in the T-maze, although this was not paralleled by similar improvements in the preceding acquisition trial. It may thus be inferred from the T-maze data that liraglutide treatment improved spatial long-term memory rather than learning in SAMP8 mice.
The mnemonic effects of GLP-1 agonist treatment in SAMP8 mice is in agreement with previous studies Fig. 4 . Histological assessment of hippocampal CA1 pyramidal neuron numbers. Brains were sampled in the horizontal plane using systematic uniform random sampling to ensure representation of the entire hippocampus. The major subfields of the mouse hippocampus are indicated in panel A (2x magnification). Panel B shows the border between CA1 and CA2. The CA1 region (Giemsa stained) was delineated on average in 8 sections per animal using a 10x objective based on cell morphology (B). CA1 pyramidal neurons are smaller and more densely organized than CA2 neurons (C; white arrows = CA1 pyramidal neuron, black arrows = CA2 pyramidal neuron; 40x magnification). Fig. 5 . Stereological quantification of total hippocampal CA1 pyramidal neuron numbers in SAMP8 mice. Total hippocampal CA1 pyramidal neuron numbers were assessed in vehicle-dosed or liraglutide-treated 10-month-old SAMP8 mice, vehicle-dosed 10-month-old 50% backcrossed SAMP8 control mice, and untreated 4-month-old (young) SAMP8 control mice, respectively. Liraglutide-treated 10-month-old SAMP8 mice exhibited higher total pyramidal neuron numbers and neuronal density in the hippocampal CA1 region, as compared to age-matched vehicledosed SAMP8 mice. (A) total CA1 pyramidal neuron number; (B) total CA1 volume (mm 3 ); (C) CA1 pyramidal neuron density (neurons per mm 3 ). * * p < 0.01 (one-way ANOVA, Dunnet's post-hoc test).
in A␤PP/PS1 mice and intrahippocampal A␤ toxicity rat models of AD [19, 40, 41] . In contrast to studies in A␤PP/PS1 mice [16, 17, 41] , liraglutide treatment did not result in significant effects on novel object recognition in SAMP8 mice, although the highest dose tended to increase the object discrimination index. While T-maze and NOR settings both involve hippocampusdependent declarative memory tasks [42, 43] , it should, however, be taken into account that the two tests engage different cognitive domains. Hence, the present T-maze task is an aversive learning-task based on working and reference memory [44] , whereas NOR performance is a measure of novelty preference in a non-reinforced memory test setting [45] .
Our stereological analyses indicated that SAMP8 mice receiving daily liraglutide treatment for 4 months exhibited significantly higher total neuron numbers in the hippocampal CA1 pyramidal region, as compared to age-matched vehicle-dosed SAMP8 mice. The robust liraglutide-induced improvement in spatial memory function and increased hippocampal neuron numbers in SAMP8 mice may be causally linked. In support of this view, lesion studies have indicated the critical relevance of intact hippocampal function in T-maze based spatial learning and memory performance [42, 46] . Also, the age-related decline in memory function in SAMP8 mice is correlated with the progression of pathological changes in the CA1 region of the hippocampus, which includes neuronal loss [47] , gliosis [48] , and increased apoptotic activity [49] . Correspondingly, several laboratories have reported GLP-1 receptor-dependent neurotrophic, proliferative, antiinflammatory, and anti-apoptotic effects of liraglutide and other long-acting GLP-1 receptor agonists [50, 51] .
GLP-1 receptors are expressed, albeit at low levels, in the rat [12] , non-human primate [52] , and human hippocampus [11] , which could possibly indirectly argue for direct hippocampal effects of liraglutide treatment in SAMP8 mice. However, a recent study addressing central liraglutide uptake upon acute subcutaneous administration of fluorescently-labeled liraglutide showed that liraglutide was detected within the mouse and rat circumventricular organs as well as in subregions of the hypothalamus, but not in other brain regions including the hippocampus [14] . It is therefore tempting to speculate whether the mnemonic and hippocampal neuron-sparing effects of liraglutide in SAMP8 mice might be independent of hippocampal GLP-1 receptor function. Fluorescent tags are, however, not optimal for detecting low nanomolar levels of peptides, and it is therefore possible that liraglutide could be present at very low levels in regions not exhibiting a significant fluorescently-labeled liraglutide signal. Also, given that a long-term liraglutide dosing regimen was applied in the present study and SAMP8 mice show features of blood-brain barrier disruption [53, 54] , it is relevant to consider the possibility that liraglutide could exhibit a wider central distribution in SAMP8 mice, perhaps dispersed via the cerebroventricular circulation as recently suggested for endogenous GLP-1 [55] . If applicable to the present findings, this may potentially also suggest more generalized central effects of liraglutide in SAMP8 mice. For example, memory deficits in SAMP8 mice have been associated with impaired cerebral glucose homeostasis and hypometabolic activity [54, 56] , and as GLP-1 receptor agonists can influence central glucose uptake and metabolism [18, 57] , changes in cerebrometabolic activity could potentially have contributed to the liraglutide-induced improvement of memory function in SAMP8 mice.
The present study on SAMP8 mice indicated dosedependent plasma exposure of liraglutide, although the lowest dose of liraglutide appeared consistently more efficacious on improving memory function and increasing hippocampal CA1 neuronal levels in SAMP8 mice. Previous pharmacological studies in SAMP8 mice have shown that after the optimum memory enhancing drug dose is achieved, higher doses tend to be less effective in this model [58] . Whether this disparity in dose-responsiveness reflects, e.g., saturable kinetics of cerebral liraglutide uptake or GLP-1 receptor desensitization upon chronic administration of higher doses must await further studies.
A number of in vivo studies in A␤PP/PS1 mice have associated the memory stimulatory effects of GLP-1 receptor agonists with reduced hippocampal and cortical soluble A␤ oligomer levels and amyloid plaque load [17, 40, 41] , and it is suggested that GLP-1 receptor stimulation increases neuronal survival, e.g., by lowering A␤PP processing [50, 59] . We did not find immunohistochemical evidence of A␤ aggregates in a pilot study on 10-month-old SAMP8 mice. This is in close accordance with the observation that amyloid plaques in SAMP8 mice are not observed before the age of 16-20 months [32] , and indicates that the observed memory impairments in SAMP8 mice are not a consequence of amyloid aggregation per se. It should be noted, however, that elevated levels of A␤PP and soluble amyloid oligomers, as well as presence of amyloid granules, is reported in the cortex and hippocampus of SAMP8 mice from the age of 6-8 month [32, 60] . Furthermore, antibody and antisense-mediated blockade of A␤ function improves spatial memory in 10-12-month-old SAMP mice [31, 32, 61] , demonstrating the functional relevance of A␤PP processing in SAMP8 mice at earlier ages being independent on following A␤ aggregation. Hence, we cannot exclude the possibility that liraglutide may have interfered with mechanisms associated with early-stage A␤ pathology in SAMP8 mice, although this needs to be addressed specifically in future studies. Furthermore, the average wet brain weight was approximately 10% higher in 10-monthold 50% back-crossed SAMP8 mice (a cross between SAMP8 and CD-1 mice) as compared to both agematched and 4-month-old SAMP8 mice. It should be noted, however, that we did not compare to the average brain weight of age-matched CD-1 mice. It is therefore unclear whether the observed differences in brain weight are attributed to strain differences, or gross brain atrophy being manifest prior to the onset of memory deficits in SAMP8 mice.
In conclusion, we here report that liraglutide treatment delayed or, alternatively, partially halted the age-associated progressive decline in spatial memory function associated with hippocampal neuronal loss in a mouse AD model of early-stage pathological aging not dominated by amyloid plaques. The present data thus supports the notion that liraglutide-induced stimulation of GLP-1 receptor function may be a viable target in AD therapy, currently also being pursued in a proof-of-concept study in mild cognitively impaired AD patients [62] .
